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Abstract
E-NiAl is a potential oxidation-resistant coating material to be operated at temperatures above 1 150 qC. In this paper, E-NiAl
coatings with 0-0.5 at% Dy are prepared by electron beam physical vapor deposition (EB-PVD). Transient oxidation behavior of 
the coatings is investigated. At 1 200 qC, only stable D-Al2O3 phase is observed on the 0.05 at% doped coating, whereas the 
phase transformation from T-Al2O3 to D-Al2O3 occurs in the 0.5 at% Dy doped coating during 1 h oxidation. At 1 100 qC, all the 
coatings reveal the transient transformation of T-D in the early 15 min and the transformation for the 0.05 at% Dy doped coating 
is completed within 45 min, much earlier than that for the 0.5 at% Dy doped coating. Overdoping of Dy retards the transforma-
tion of T-D. The undoped and overdoped coatings reveal the whisker structure of T-Al2O3 even after 20 h oxidation at 1 100 qC,
while the 0.05 at% Dy coating reveals typical granulated structure of D-Al2O3.
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1. Introduction1
ȕ-NiAl is a material of interest due to its high melt-
ing point (1 640 qC) and excellent oxidation resistance 
at high temperature. The oxidation resistance of 
E-NiAl is attributed to the formation of an external 
Al2O3 scale. In general, the scale is dense and slow- 
growing, therefore it protects the underlying metal 
from severe oxidation[1-2]. Because of the low growth 
rate of Al2O3, alumina forming alloys and coatings are 
widely used at higher temperature. However, E-NiAl
has poor cyclic oxidation resistance. Extensive efforts 
have been made over past decades about the “reactive 
element effect”. It has been demonstrated that a small 
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number of reactive elements such as Hf, Zr, Y or their 
oxides result in significant improvement in scale adhe-
sion[3-6].
Several types of Al2O3 have been found on alumina 
forming alloys and coatings, such as metastable alu-
mina J-Al2O3, G-Al2O3, T-Al2O3 and thermodynamic 
stability D-Al2O3[7-9]. During the early oxidation of 
E-NiAl and other alumina-forming alloys, those me-
tastable alumina transformed to D-Al2O3, accompanied 
by changes in scale morphologies [5,10].
Luminescence spectra have been used to character-
ize the transient oxides since metastable T-Al2O3 ex-
hibits its own characteristic luminescence which dif-
fers from the stable D-Al2O3[11]. In order to improve 
the adhesion of oxide scale, reactive elements were 
added to the alumina forming alloys, such as NiAl, 
FeCrAl and so on[12-13]. It has been demonstrated that 
reactive element addition inhibits the transformation of 
T-Al2O3 to D-Al2O3. In view of that, the observation of 
the transformation process may be essential to the un-
derstanding of the adhesion between oxide and alloys. 
Dy is also a reactive element that helps to improve the Open access under CC BY-NC-ND license.
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cyclic oxidation resistance of E-NiAl alloys and 
E-NiAl coatings produced by electron beam physical 
vapor deposition (EB-PVD)[14-18]. The addition of Dy 
contributed to the enhancement of the adhesion of the 
oxide scale formed on NiAl alloy and its coating. On 
the other hand, the voids beneath the oxide scale were 
also effectively eliminated. Guo et al.[19] have also in-
vestigated the effect of Dy on the oxidation behavior 
of NiAl alloys. But few research on the phase  
transformation of Dy doped NiAl coatings have been 
done. In this work, the effect of Dy on the transient 
oxidation behavior of the EB-PVD E-NiAl coatings at 
1 100 ºC and 1 200 ºC was investigated, and the 
luminescence spectra were used to study the transient 
alumina transformation of the Dy doped coatings. 
2. Experimental Procedures 
NiAl buttons with different Dy contents were pro-
duced by arc melting. As-cast alloy compositions are 
given in Table 1. Then the NiAl buttons were cut into 
approximately 64.5 mm  in diameter as the ingots 
for the evaporation and deposition of the Dy doped 
NiAl coatings. NiAlDy coatings were deposited onto 
NiAl alloys by EB-PVD. The as-deposited coatings 
were annealed in vacuum at 1 050 qC for 2 h. 
Table 1  Chemical compositions of NiAl ingots 
at%    
Element NiAl NiAl-0.05Dy NiAl-0.5Dy 
Ni 50 49.975 49.75 
Al 50 49.975 49.75 
Dy 0 0.05 0.5 
Transient oxidation of the coated specimens was 
conducted in air furnace at 1 100 qC and 1 200 qC,
respectively. After a certain time oxidation, the speci-
mens were taken out of the furnace and cooled in air 
for phase identification and microstructure characteri-
zation. 
The specimens after transient oxidation were ana-
lyzed by luminescence spectra excited with a probing 
argon-ion laser (RM2000 Renishaw). The lumines-
cence arose from trace concentration of Cr3+ ions in-
corporated into the thermally grown alumina as it grew 
by oxidation. The luminescence spectra from Cr ions 
in J, T and D alumina were so distinct from each other 
that different polymorphs could be distinguished by 
their respective spectra. Clarke et al.[20] report peaks in 
the luminescence spectrum from D-Al2O3 at 
14 402 cm1 and 14 432 cm1, and T-Al2O3 at 
14 575 cm1 and 14 645 cm1. The luminescence spec-
troscopy was performed using an optical microprobe, 
enabling a laser beam to be focused on the surface 
identified in the microscope and their luminescence 
spectra recorded. 
The surface morphologies of the E-NiAl coatings 
were characterized by scanning electron microscope 
(SEM), S-4800, Hitachi.  
3. Results and Discussion 
Figs.1(a)-(c) show the luminescence spectra ob-
tained from the oxide scales on the E-NiAl coatings 
after 15 min, 45 min and 5 h oxidation at 1 100 qC,
respectively. The time for the transient alumina to  
Fig.1  Luminescence spectra obtained from oxide scales on 
E-NiAl coatings after oxidation at 1 100 ºC in air for 
different time. 
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transform depends on the content of Dy in the NiAl 
coatings. The luminescence spectra from both the sta-
ble D-Al2O3 and metastable T-Al2O3 phases are pre-
sented in the oxide scale grown on the undoped coat-
ing after 15 min oxidation, as shown in Fig.1(a). 
For the 0.05 at% Dy doped coating after 15 min 
oxidation, D-Al2O3 phase is the major constituent 
phase in the oxide scale. Besides, a little T-Al2O3 is 
detected on the coating. Note that only the spectrum 
from T-Al2O3 phase is detected from the 0.5 at% Dy 
doped coating, indicating that the oxide scale basically 
consists of T-Al2O3 phase in the early stage of oxida-
tion at 1 100 qC. As the oxidation time increases to 
45 min, the luminescence from the T-Al2O3 cannot be 
detected from the 0.05 at% Dy coating, suggesting that 
transformation of T-Al2O3 to D-Al2O3 is completed 
(Fig.1(b)). For the 0.5 at% Dy doped coating, the ox-
ide scale comprises T-Al2O3 phase even after 45 min 
oxidation. As the oxidation time increases to 5 h, for 
the undoped coating the transformation of T-D is al-
most completed since few T-Al2O3 phase is present in 
the coating, as shown in Fig.1(c). However, for the 
NiAl-0.5Dy coating the transformation of T-D is not 
yet completed. An amount of T-Al2O3 phase still re-
mains in the coating. 
Fig.2 shows the luminescence spectra obtained from 
the oxide scales grown on the E-NiAl coatings after 
oxidation at 1 200 ºC. For the undoped and 0.05 at% 
Dy doped coatings after 5 min oxidation, the oxide 
scales are mostly D-Al2O3 phases. This indicates that 
the transformation of T-D is completed quickly at such 
high temperature. In contrast to this, the luminescence 
from both the stable D-Al2O3 and metastable T-Al2O3
phases is detected on the 0.5 at% Dy doped coating 
after 5 min oxidation, as shown in Fig.2(a). The lumi-
nescence from the T-Al2O3 phase is still detected on 
the 0.5 at% Dy doped coating after 1 h oxidation (see 
Fig.2(b)). After 5 h oxidation, the transformation of 
T-D is finally completed (Fig.2(b)). 
It is well admitted that a series of metastable alu-
mina can form during transient oxidation and trans- 
Fig.2  Luminescence spectra obtained from the oxide scales 
on E-NiAl coatings after oxidation at 1 200 ºC for 
different time. 
form into stable alumina subsequently. This transfor-
mation depends on the alloy composition and experi-
mental condition such as oxidation temperature and 
time. In order to improve the adhesion of oxide scale, 
reactive elements such as Zr, Hf and Y are added to 
NiAl alloys or their coatings[21-24]. The larger reactive 
element ions such as Zr, Hf, Y and so on appear to 
slow the transformation of T-D[4]. This attitude is con-
sistent with the observation of phase sequence formed 
on the Dy doped NiAl coatings at 1 200 qC and 
1 100 qC. For the undoped coating, the transformation 
of T-D is quickly finished within 5 min oxidation at 
1 200 qC, but the metastable T-Al2O3 is still present on 
the 0.5% Dy doped coating even after 1 h oxidation at 
1 200 qC.  
For the NiAl coating with low level of Dy doping, at 
the initial stage of high-temperature oxidation, the re-
active element Dy in the NiAl coating is preferentially 
oxidized to form Dy2O3 because of its higher oxygen 
affinity than that of Al. The formation of Dy2O3 pro-
vides the nucleus for D-Al2O3 to grow up, which ac-
celerates the phase transformation of T-D. Therefore, 
the 0.05 at% Dy doped coating completes the phase 
transformation within 45 min at 1 100 qC. For the al-
loy with higher Dy contents, Dy is precipitated in the 
grain boundaries of the coating due to its supersatura-
tion. The reaction between Dy and O is more preferen-
tial than that between Al and O. This is equivalent to 
reducing the chemical potential of O when it reacts 
with Al. The main growth mechanism of T-Al2O3 is 
outward diffusion of Al along the grain boundary of 
alumina scale. Based on this, large amount of T-Al2O3
is formed in the NiAl coating with high level of Dy 
doping and the phase transformation is delayed. 
Also, the transformation time is longer at 1 100 qC
than that at 1 200 qC. Burtin et al.[24] have investigated 
the effects of doped ion size and valence on T-D trans-
formation. It has been shown that larger ions, such as 
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Ca, La and Th, tend to inhibit the T-D phase transfor-
mation, while smaller ions, such as Mg and Ga, accel-
erate the transformation. Burtin et al. suggested that 
large ions in the relatively open cubic lattice inhibited 
the diffusionless, martensitic or shear-type transforma-
tion from cubic to hexagonal D-Al2O3. This explana-
tion is consistent with the observation of luminescence 
spectra obtained from the oxide scale grown on the 
0.5 at% Dy doped NiAl coating. However, the metast-
able T-Al2O3 is absent on the 0.05 at% Dy doped NiAl 
coating during the transient oxidation. This phenome-
non cannot be explained by the above model. This may 
due to the fact that the phase transformation of T-D
depends on the composition of the coatings and oxida-
tion temperature. 
Figs.3-4 show the surface morphologies of the oxide 
scales grown on the E-NiAl coatings after 5 min and 
Fig.3  SEM micrographs of surfaces of NiAlDy coatings 
after 5 min oxidation at 1 200 qC.
Fig.4  SEM micrographs of surfaces of NiAlDy coatings 
after 1 h oxidation at 1 200 qC.
1 h oxidation at 1 200 qC, respectively. The oxide sur-
faces on the undoped coating reveal small ridges at the 
oxide grain boundaries (Fig.3(a) and Fig.4(a)). Pint et 
al.[5] divided the ridge structure into intrinsic grain 
boundary scale ridges and extrinsic scale ridges. The 
former has relation to outward diffusion of Al along 
the grain boundary of alumina scale. The latter ridges 
form as a result of the T-D phase transformation. In 
terms of the luminescence spectra as shown in 
Fig.1(a), there is little T-D phase transformation for the 
oxide scale grown on the undoped coating during the 
transient oxidation. It can be inferred that the ridge 
structure formed on the undoped coating has relation 
to outward diffusion of Al. The oxide scale formed on 
undoped E-NiAl coating is dominated by D-Al2O3,
with little T-Al2O3 after 5 min oxidation at 1 200 qC
(Fig.3(a)). The addition of Dy completely eliminates 
the ridge structure. This could be due to segregation of 
Dy at the grain boundary inhibited outward diffusion 
of Al along grain boundaries (Fig.3(b)). However, the 
oxide scale on the 0.5 at% Dy doped NiAl coating 
shows different surface morphology. Whisker or nod-
ule-like T-Al2O3 phase is found on the coating after 
5 min oxidation (Fig.3(c)), and the shape changes into 
longer blade-like T-Al2O3 after 1 h oxidation (Fig.4). In 
addition, extrinsic scale ridge is not observed on the 
scale on the 0.5 at% Dy doped coating even though the 
phase transformation of T-D occurs during oxidation. 
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No spallation of the oxide scales occurs on the coat-
ings after cooling to room temperature from 1 200 qC
as shown in Fig.4. 
Fig.5 shows the surface morphologies of the oxide 
scales on the E-NiAl coatings after 20 h oxidation at 
1 100 qC. Due to the formation of the metastable 
T-Al2O3, some whisker phases are formed on the sur-
face of the undoped coatings (Fig.5(a)). Also, the 
whisker structure is the main feature of the oxide scale 
grown on the 0.5 at% Dy doped coatings although the 
transformation of ș-Į is already completed (Fig.5(c)). 
Fig.5  SEM micrographs of surfaces of NiAlDy coatings 
after 20 h oxidation at 1 100 qC.
In contrast to this, no whisker structure is formed on 
the 0.05 at% Dy doped coating. Instead, the typical 
morphology of granulated D-Al2O3 is observed on the 
0.05 at% Dy doped coating (Fig.5(b)). It can be in-
ferred that the addition of minor Dy to the NiAl coat-
ing effectively eliminates the ridge structure of 
D-Al2O3.
While at 1 100 ºC, the whisker structure is also 
formed in the undoped and 0.5 at% Dy doped coatings 
during initial stage of oxidation. In the subsequent 
oxidation, the whisker structure gradually disappears 
and instead the granular D-Al2O3 eventually is formed 
(Fig.5(a)).  
4. Conclusions 
The effects of Dy on the transient oxidation behav-
ior of EB-PVD E-NiAl coatings at elevated tempera-
tures are investigated. The conclusions can be drawn 
as follows:  
(1) The content of Dy in the NiAl coatings has a sig-
nificant effect on the transient oxidation behavior of 
the NiAl coatings. At 1 200 qC, only stable D-Al2O3
phase is formed on the 0.05 at% doped coating, 
whereas the phase transformation from T-Al2O3 to 
D-Al2O3 occurs in the 0.5 at% Dy doped coating dur-
ing 1 h oxidation. At 1 100 qC, all the coatings reveal 
the transient transformation of T-D in the early 15 min 
and the transformation for the 0.05 at% Dy doped 
coating is completed within 45 min, much earlier than 
that for the 0.5 at% Dy doped coating. Overdoping of 
Dy could retard the transformation of T-D.
(2) The undoped and overdoped coatings reveal the 
whisker structure of T-Al2O3 even after 20 h oxidation 
at 1 100 qC, while the 0.05 at% Dy coating reveals 
typical granulated structure of D-Al2O3.
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